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ABSTRACT
The loss of valuable water resources due to pipe 
failure has become a major problem in Australia, 
especially in areas under high level of water 
restrictions. Generally pipe failure occurs due to 
a combination of physical and environmental 
factors. Stresses induced by shrinking and 
swelling of reactive soils are one of the major 
factors affecting the performance of buried 
pipes. This paper presents the details of a field 
instrumentation undertaken to monitor the 
performance of an in-service water reticulation 
pipe buried in a reactive soil and subjected to 
seasonal climatic changes. 
INTRODUCTION
In many global population centres, buried pipe 
systems form parts of the critical infrastructure 
which provides essential services to the 
community. Most of these infrastructures were
constructed over a century ago and have since 
been under constant expansion. Dealing with 
frequent pipe failures, particularly in the older 
segments of the system has become a major 
problem for the water suppliers. It is important to 
improve the understanding of pipe failures and 
setup improved pipe asset management models 
that can predict failures in order to plan 
rehabilitation and failure mitigation strategies.
Previous studies on the Australian water pipe 
data (Ibrahimi 2005, Chan et al. 2007; Gould et 
al. 2009) indicate that there is a close correlation 
between increased pipe failure rates, climate
variation and soil type. The qualitative 
understanding from these works was that during 
periods of hot and dry weather reactive clay 
soils move and shrink due to a reduction in 
moisture content. In general, the soil movement 
is uneven and bending stresses are induced on 
the pipes, increasing the potential for failure. 
However, the actual mechanisms governing this 
behaviour have not been observed or 
established from field evidence. Furthermore, 
high temperatures may induce thermal stresses 
in the pipes. In some cases, these stresses are 
believed to be of such magnitude that they could 
cause the failure of pipes whose integrity may 
have already been compromised by other 
factors such as corrosion.
In spite of the importance of low soil moisture 
content and high temperatures on the 
performance of buried pipes, little work has so 
far been carried out to model the interaction and 
quantify this relationship. For these reasons, an 
Australian Research Council Linkage Project 
was established to address this issue. As part of 
the project, an in-service water pipe and 
surrounding soil were instrumented to monitor 
the performance of the pipe subjected to 
seasonal climate variations. The field 
instrumentation was carried out on a water pipe 
belonging to City West Water Ltd (CWW). at 
Altona North, Victoria. This paper presents the 
details of field instrumentation and preliminary 
data collected from the field.
SITE SELECTION CRITERIA
Statistical analysis of CWW pipe data (Chan 
2008; Gould and Kodikara 2008) showed that 
100 mm diameter cast iron pipes are the most 
numerous in the pipe network, and these pipes 
have experienced higher failure rates than those 
of the other pipe materials and diameters. 
Therefore it was decided to carry out the field 
instrumentation on a 100 mm cast iron pipe 
within the CWW supply region. A suitable site 
was chosen following the site selection criterion 
which was designed to ensure field works can 
be carried out effectively,  safely, conveniently, 
and is least complicated for excavation, 
instrumentation, data-logging and analysis. 
A large number of sites were screened using 
drive-by and walking surveys. Ten sites were 
selected during the initial surveys and two of 
these sites were chosen for additional 
investigation which included determination of
soil depth and site specific properties. Soil 
investigations were done by hand augering and 
undisturbed push tube sampling by a drill rig. 
The ideal site chosen for field instrumentation is 
located in Altona North, VIC. This site contains 2 
m layer of reactive clay soil underlain by basaltic 
bed rock. Figure 1 shows the geological map of 
CWW region with the location of the field 
instrumentation site in Altona North. 
Figure 1 Geological map of the CWW supply 
area and the location of instrumentation site
SOIL CLASSIFICATION TESTS
Soil classification tests were performed in 
accordance with the relevant Australian 
Standards. A summary of Atterberg limits and 
swelling properties of the soil samples collected 
from the field instrumentation site in Altona 
North is shown in Table 1. The mineralogy 
analysis of the soil samples showed that major 
content of mineral were Quartz, 59 %; Smectite, 
31 %; Calcite, 3 %; and Kaolin, 2 %.
According to the study of soil reactivity on the 
basis of Atterberg limits (Holtz and Gibbs 1956; 
Seed et al. 1962), soils with plasticity indices
greater than 35 can be considered as highly 
reactive. The relationship of weighted plasticity 
index and soil expansion index (Zapata et al. 
2006) also indicated that the Altona North site 
should be considered as having highly 
expansive surficial ground conditions. These 
results are supported by the significant presence 
of clay particles (26%) and Smectite, which 
impart high reactivity to the soil. The soil test 
results confirm that the Altona North site is a  
suitable location for the field instrumentation, as 
the soil is highly expansive.
Table 1 Summary of soil classification
Liquid limit (%) 70.2
Plastic limit (%) 21.8
Plasticity index (%) 48.4
Weighted plasticity 
index 45.5
Expansion index (%) 10.8
Linear shrinkage (%) 16
FIELD MONITORING SYSTEM
In order to monitor the behaviour of the in-situ
pipe, a significant number of sensors were 
installed on the buried pipe and in the soil 
surrounding the pipe. The sensors u sed and 
their purposes are as follows:
 12 biaxial strain gauges for measurement of 
pipe deformation;
 15 thermocouples for measurement of soil 
temperature;
 15 thermal conductivity sensors for 
measurement of soil suction;
 15 soil moisture sensors for measurement of 
volumetric soil moisture content;
 Two earth pressure cells to measure the soil 
pressure exerted on the pipe;
 Pressure and temperature gauges to 
measure pipe water pressure and 
temperature, respectively;
 Rod extensometer with four anchors to 
monitor the vertical soil movement at 
different depths; and
 Weather station for the measurements of  
temperature, rainfall, humidity, wind speed 
and solar radiation at the site.
In addition three magnesium sacrificial anodes 
were connected to the pipe sections to which 
the strain gauges were attached to reduce the 
corrosion on the pipe and protect the strain 
gauges. 
Strain gauges
General purpose 3-wire waterproof biaxial strain 
gauges were used to measure the deformation 
response of the cast iron water pipe. Three sets 
of strain gauges were installed on the pipe,
where each set consists of four biaxial gauges; 
one on the top, one on the bottom, and the other 
two on the spring lines of the pipe. Each biaxial 
gauge consists of two gauges, one gauge is 
oriented along the longitudinal axis of the pipe to 
measure the longitudinal strain and the other 
gauge is oriented perpendicular to the 
longitudinal gauge in order to measure the 
circumferential strain.
Thermocouples
Type T thermocouples manufactured by 
Campbell Scientific were buried at the site to 
monitor soil temperature at various depths. All of 
the thermocouples were tested for functionality 
in the laboratory by immersing them in water at 
known temperatures before installation. 
Thermal conductivity sensors
The Campbell scientific 229 thermal conductivity 
sensors are designed to measure the soil 
suction by being in equilibrium with the 
surrounding soil. Calibration of the sensors was 
carried out within a pressure cell using clay soil 
collected from the Altona North instrumentation 
site. Suction sensors were inserted into the wet 
soil and this assembly was placed inside a 
pressure cell. Calibration was started at an 
applied air pressure of 0 kPa until the output 
readings from the sensors became stable, then 
the pressure was increased incrementally to 50, 
150 and 300 kPa. When the applied pressure 
was increased, water was forced out of the soil 
and the suction of the soil increased as a result. 
Figure 2 shows the calibration curves developed 
for the sensors, exponential trend lines were 
used to convert the temperature output of the 
sensors into suction.
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Figure 2 Calibration curves of suction sensors
Soil moisture sensors
The ML2x type soil moisture sensors 
manufactured by Delta-T Devices were used in 
the field instrumentation. Soil specific calibration 
of all 15 sensors was conducted in the 
laboratory in order to achieve higher accuracy of 
measurement. The soil moisture sensors 
measured volumetric moisture content of soil 
based on the change of dielectric constant 
caused by differences in soil moisture. As a  
result of this, the output from the sensor could 
vary between soil types. Therefore the sensors 
were calibrated using soil samples collected 
from the Altona North instrumentation site. The 
calibration was carried out by compacting soil at 
different moisture contents into a plastic 
container of known volume and mass. The 
sensors were inserted into the soils and the 
output recorded. Gravimetric moisture content of 
the soil samples was measured using the oven 
drying method (AS1289.2.1.1 2005), which was 
then converted to volumetric moisture content 
with the dry density of soil. The output from the 
soil moisture sensor was then correlated with 
the volumetric moisture content. Figure 3 shows 
the calibration plot of the sensors. The 
relationship between the measured volumetric 
moisture content and sensor output can be 
approximated by two straight lines. Hence, two 
linear equations as shown in Figure 3 were used 
to obtain the volumetric soil moisture content, 
one for below 45 % moisture content output 
from the sensors and one for above. 
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Figure 3 Calibration plot of soil moisture sensors
Earth pressure cells
The earth pressure was measured using two 
Geokon model 4800 vibrating wire earth 
pressure cells with 1 MPa capacity. The 
pressure cells were installed at locations below 
the cast iron water pipe in order to measure the 
pressure applied on the pipe by soil swelling and 
shrinking. The earth pressure cells were 
calibrated by applying known pressure values.
Pipe water pressure and temperature gauges
The pipe water pressure was monitored using 
Sitrans pressure and temperature gauges 
manufactured by Seimens with LCD display and 
measuring range of 0 to 10 bars and -50 to + 
200 C, respectively. The pressure gauge is 
designed to convert the supply voltage into 4~20 
mA output, hence it was calibrated by applying a 
known pressure in order to convert mA output to 
kPa.  
Rod-extensometer
A custom-built model 4000 rod-extensometer 
manufactured by Geotechnical Systems 
Australia was installed at the site to monitor the 
sub-soil movement. The rod-extensometer 
consisted of four hydraulic inflatable anchors,
0.5, 1.0, 2.0, and 3.0 m from the reference head. 
The reference head and the top anchors at 0.5 
and 1.0 m were expected to move with soil, 
while the bottom anchors at 2.0 and 3.0 m were 
fixed in the rock. The readings of transducers in 
relation to the bottom anchors (2.0 and 3.0 m) 
would give the soil movement of the reference 
head (400 mm below ground surface) with 
respect to the rock. Transducers attached to the 
top anchors (0.5 and 1.0 m) would give the 
relative movements with respect to the 
reference head and therefore, the movements of 
the top anchors with respect to the rock could be 
calculated. S i n c e  t h e se anchors were 
embedded into soil, their movements represent 
the soil movement at the respective depths. 
Weather station
The Campbell Scientific weather station was 
installed at the site to record the climatic 
conditions at 10 minutes intervals. The weather 
station consisted of a tipping bucket rain gauge 
with a measuring range of 0 to 500 mm/hr and 
the resolution of 0.254 mm; an anemometer 
(wind speed) with a measuring range of 0 to 50 
m/s and the resolution of 0.5 m/s; a LI200X 
pyranometer to measure solar radiation; and a 
HMP50 temperature and relative humidity 
probe. All the weather station components were 
connected to the CR800 datalogger housed in a 
cabinet on site. The components of the weather 
station were tested in the laboratory for their 
responses and the accuracy of measurements 
in engineering units. 
Data acquisition system
Al l  sensors, with the exception of the weather 
station, were connected to the Campbell 
Scientific CR1000 datalogger and its peripherals 
(four AM16/32 multiplexers; a AM25T 
multiplexer for thermocouples; a AVWI vibrating 
wire interface for earth pressure cells; and a 
CE4 current excitation module for suction 
sensors) which were mounted on a wooden 
board and installed inside the cabinet on the 
site. The system was checked for functionality in 
the laboratory before installation. Loggernet 
software and a customized logging program 
(written in CRBasic) provided by Campbell 
Scientific were used to control the data logger 
and communicate between the computer and 
the logging system. The communication of each 
sensor with the logging system was checked by 
performing a benchmark test. The calibration 
factors provided by the manufacturer were 
embedded in the program in order to convert the 
sensor outputs to engineering units. The 
acquired data were saved in a 2 GB industrial 
grade flash card at 10 minutes interval. Field 
visits were scheduled on a monthly basis, where 
data were collected from the field by swapping 
the existing flash card with an empty one.
The data measured by each weather station 
component were stored in the internal memory 
of the datalogger and were downloaded to a 
personal computer monthly. The computer 
installed with Loggernet can communicate 
directly with the datalogger via RS232 serial port
connection. 
FIELD INSTALLATION
The field instrumentation was undertaken in the 
summer of January 2008, over a se ven day
period. Figure 8 shows the site plan with the 
locations of three access pits. The total length of 
the nature strip is 23.8 m and the width is 4.8 m, 
giving sufficient access to provide 
instrumentation in the soil and the pipe. Three 
buried pipes were located in the nature strip, 
which included a 100 mm gas pipe located at a 
distance of 2.4 m from the property boundary; 
the storm water pipe located 0.6 m from the 
road; and the water pipe targeted for 
instrumentation located 3.16 m from the 
property boundary. Overhead power and 
telecommunication cables were located 6 m 
above the ground. Other obstacles on the nature 
st rip were the power pole and a small tree, both 
of which did not interfere with the 
instrumentation and subsequent measurement. 
As shown in Figure 8, Pit 1 is located under the 
driveway, Pit 2 is 5 m from Pit 1, and Pit 3 is 
15.6 m from Pit 1. The location of each pit was 
selected to monitor the strain of the pipe 
assuming that it may behave like a fixed end 
beam between two driveways. In this case, Pit 1 
was at the end of the “beam”, Pit 3 was about 
the middle of the “beam” (however, the location 
was shifted marginally due to the service pipe 
connection shown) and Pit 2 was at one third 
between Pit 1 and Pit 3. It should be noted that it 
was not possible to locate the water pipe joints 
in the study section despite numerous attempts 
to organise a CCTV camera to be sent through 
the pipe in that location. Hence, the locations of 
sensors were judged on the basis of intuitive 
assessment of the likely pipe behaviour. At each 
of the pit location, two pits were excavated as 
the small pit was for pipe instrumentation and 
the large pit was used to install the soil sensors.
Excavation
The first task of the field instrumentation was to 
locate all the pipes and service connection on 
site to avoid damage to these utilities. The 
locations of each pit were then marked with 
spray paint and the excavation was started from 
Pit 3 by an excavator. The larger pit was 
excavated down to the depth o f 2  m, whereas 
the small pit was excavated with both the 
excavator and by hand using shovels and 
crowbars to a depth of 1.3 m. Once the large pit 
was excavated, shoring was set up to secure 
the pit and sensor installation was started. A 
section of the concrete driveway was cut off 
before excavation of Pit 1 could be preceded. 
During the excavation, spoil from each pit was 
transported and stored separately at a location 
used by the excavation contractor. This was 
deemed to be necessary to avoid soil interfering 
with the site activities. The same soil from each 
pit was used in backfilling to reinstating the 
insitu conditions. 
Pipe condition
The water pipe selected for this instrumentation 
is an asset of CWW. This 100 mm diameter cast 
iron pipe was originally installed in 1961 and 
may have been given an internal cement lining, 
perhaps at a later stage. During the pipe 
instrumentation, a non-destructive ultrasonic 
method of pipe wall thickness measurement was 
performed. The test results revealed that the 
average thickness of the cast iron pipe from six 
measurements was 8.5 mm.
Sensor installation
In the small pit of 1.3 m deep,  a section of the 
water pipe was exposed for strain gauging and 
installation of pressure cell. As mentioned 
before there were totally 12 biaxial strain gauges 
installed at three sections of the water pipe at 
different locations. All strain gauges were 
protected by layers of waterproofing epoxy. The 
st rain gauge readings recorded after completion 
of backfill were taken as the base values to 
initialise the rests of the results. 
Two earth pressure cells were installed about 50 
mm below the bottom of the pipe in Pits 2 and 3. 
The pressure cells were installed by digging a 
small hole in the soil wall of the pit beneath the 
pipe, and preparing a flat base using thin layer 
of sand to ensure uniform contact between the 
pressure cell and the soil. In addition a 15 mm 
thick, 200 mm diameter steel plate was placed 
on the top of each pressure cell to ensure that 
the soil pressure was uniformly distributed on 
the cell. Finally the hole was backfilled with
original soil and compacted close to the initial 
density. Pressure cells were only installed in Pits 
2 and 3 as the change of soil pressure in Pit 1 
(under the driveway) is expected to be minimal 
due to lower exposure to the prevailing weather 
conditions.
The soil monitoring sensors, which include 
suction sensors, moisture content sensors and 
thermocouples, were installed at four different 
levels in the large pits of Pit 1, 2 and 3. Figure 4
shows the vertical cross-section of a typical 
large pit indicating the location of each sensor. A 
rock was found in Pit 1 at 700 mm depth and 
consequently the sensors at 700 mm were 
shifted to 550 mm. In Pit 3 another set of 
sensors were installed at three levels in the pit 
away from the pipe toward direction of the road. 
These sensors were installed to monitor the soil 
at the road side for comparison with the 
measurements made at the pipe profile. The soil 
monitoring sensors were installed by drilling 
horizontal holes on the soil wall with a hand 
auger to get to the required depth for installation 
of the sensor above or below the pipe. Good 
contact with the soil sensor is required for all 
three sensor types, due to variation in the 
design of each sensor the installation method for 
each sensor were slightly varied. 
Figure 4 Cross-section view of a typical large pit
Pipe water temperature and pressure gauges 
were installed using a custom built T-piece and 
a new pipe tapping connection. The gauges 
were enclosed in a plastic box with a removable 
top plate which was levelled with the ground 
surface and provides constant access to these 
gauges if required.
When installation of the sensors was completed, 
the wires of the sensors were pinned to the wall 
of the pits to prevent damage during backfilling. 
The wires were then laid out to their full length 
and cable tied together in preparation for being 
sent through conduits to the instrumentation 
cabinet. The functionality of the sensors were 
checked prior to backfill the pits.
Backfilling
All pits were backfilled using the original soil 
material and compacted to a density close to the 
initial density. The soil was compacted in four to 
five layers up to the ground level where each 
layer of loose soil was sprayed with water before
compacting with a vibrating plate compacter. In 
areas close to the pipe and sensor wires, the 
soil was compacted by hand. The top 300 mm of 
Pit 1 under the driveway, was backfilled with 
crushed rock and a temporarily driveway was 
created using a bitumen layer. A new driveway 
was installed several weeks after the field work 
was completed. The grassed area of the site 
was reinstated after the instrumentation. 
Additional topsoil was u sed a s required, and 
grass seeds were planted and watered by 
CWW. 
Supplementary sensors installation
Due to availability of equipment, the weather 
station and rod extensometer were only installed 
after the field instrumentation. The weather 
station was attached to a galvanized steel pipe 
connected to the instrumentation cabinet so that 
the weather station was located 4.5 m above 
ground level. The rain gauge was levelled after 
installation to ensure accurate measurement. 
Instrumentation wiring was run through the 
galvanized steel pipe and directly into the 
instrumentation cabinet where it was connected 
to the CR 800 datalogger.
The rod extensometer was installed in a 75 mm 
diameter, 3.4 m deep pre-drilled hole. The rod 
extensometer was inserted into the hole such 
that anchors 3 and 4 which are at 2.0 m and 3.0 
m from the reference head were situated in the 
bed rock. The section of extensometer within the 
rock was grouted with cement and anchors 3 
and 4 were then inflated for maximum contact 
with the cement. Once the cement grout had 
hardened, anchors 3 and 4 were fixed to the 
rock and the movement of the reference head 
with respect to the rock could be measured. The 
remainder of the hole was filled with a weak 
bentonite-cement slurry and anchors 1 and 2, 
which are at 0.5 and 1.0 m from the reference 
head, were inflated to embed into the soil. Up to 
this stage the installation of all sensors were 
completed.
PRELIMINARY RESULTS AND DISCUSSION
The results collected since instrumentation 
showed that the pipe and the environment 
system are in a constant state of flux. The 
average longitudinal pipe strains vary following a 
daily cycle and over a longer time scale with 
respect to the change of temperature. An 
example of the daily strain cycle and long-term 
st rain variation is shown in Figure 5. 
The surrounding environment has shown 
variations in temperature, matric suction and soil 
moisture content. The rate of variation seen in 
these characteristics decreases with increasing 
depth. This can be seen clearly for soil 
temperature in Figure 6. Changes in soil 
moisture content and suction with rainfall can be
seen in Figure 7. It is apparent that the soil 
profile down to 700 mm, and possibly down to 
1000 mm, is affected by the surface conditions 
with respect to moisture change. Below this 
depth, conditions appear to be reasonably 
stable. Anomalous behaviour of some sensors 
was noted; this may be due to sensors 
malfunctioning or the ground having special 
st ructural features causing non-uniform water 
flow conditions.
Figure 5 Daily average longitudinal strain
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Figure 6 Soil and air temperature variations
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Figure 7 Soil moisture and suction variations 
with rainfall
CONCLUSION
This paper presented the details of field work 
and some preliminary results collected from the 
site. The field instrumentation is expected to 
provide useful data on the performance of the 
pipe in relation to climate induced affects, soil 
properties and pipe internal pressure. As shown 
in the previous studies (Chan 2008; Gallage et 
al. 2008; Gould and Kodikara 2008) most of the 
pipe failures in Melbourne occurred during 
summer, and therefore results collected from the 
field during the summer of 2008 to 2009 will be 
of great value in extending the understanding of 
how and why this occurs. Lastly, it should be 
noted that this paper focussed on the field 
instrumentation section of the pipe project, 
detailed analysis of the collected data can be 
found in a separate paper (Gallage et al. 2009). 
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